This paper concerns a disc-ball system, in which a moving ball collides against a disc resting on a rough, fixed horizontal surface. The complexity in such a simple object is due to the presence of the line contact between the disc and the fixed plate, which significantly influences the impact-generated state of the disc. We deal with this problem in a uniform framework that encapsulates different structures of the mathematical model, including contacts, impacts, stick-slip in friction, as well as the transitions among different states of the variablestructure dynamics. We design specific experiments that provide useful information to help determine the macroscopic parameters in impact and friction. Other complicated cases concerned with the couplings between impacts and friction are theoretically and experimentally investigated. Excellent agreements between numerical and experimental results support our theoretical developments.
Introduction
Methods confined in rigid-body dynamics to deal with contact-impact phenomena are, in general, classified into the following categories: (i) constraint equations for the representation of the geometrical interfaces [1] [2] [3] and (ii) compliance models with constitutive equations for reflecting the interactions between bodies [4, 5] . The first kind mainly concerns large-scale responses, regardless of the local deformation on interfaces. The second kind depends on specific constitutive equations to c 2013 The Author(s) Published by the Royal Society. All rights reserved. that pre-treatment is required in impact dynamics, contact and impact essentially fall into the same sort of dynamic problem, and thus can be confined in a uniform mathematical model. Undoubtedly, the uniform model needs a variable structure in order to be adaptable to the various transitions induced by friction and contact, and the conditions relating to the occurrence of these transitions should be built in simulations. To give a clear picture for the subtle issues, we develop our theory using a disc-ball system, in which a moving ball collides against a disc standing vertically on a rough fixed horizontal surface. Such a simple object also allows us to easily build an apparatus for experimental validation. The rest of this paper is organized as follows: we develop the theory of contact-impact with friction in §2, which consists of a kinematical analysis, a uniform expression for the governing equations, the determination of contact forces, impact dynamics and the transition condition between contact and impact, and a discussion for a Painlevé paradox. In §3, we introduce the experimental apparatus and the measurement methods, as well as the identification of macroscopic parameters in impact and friction. A comparison between numerical and experimental results is carried out in §4, together with an analysis for the responses of the dynamics. We conclude the paper in §5.
The dynamics of a disc-ball system
(a) A uniform expression for the governing equations Figure 1 plots the disc-ball system, in which a homogeneous disc with radius r, thickness 2h and mass m d , stands on a rough horizontal surface. A ball with radius r b , mass m b , initially takes a horizontal velocity of v b colliding against point D in the vertical symmetry axis of the disc's surface. Neglecting the rotation of the ball (r b r), the disc-ball system is thought of as a planar system with five degrees of freedom.
Let (x d , y d , z d ) and (x b , y b , z b ) (in a Galilean frame (O , i, j, k)) be the coordinates of the mass centre of the disc and the position of the particle ball, respectively. We set x d = x b = 0 for the planar system, and define θ as the angle of the vertical axis of the disc to axis i (θ = π/2 for the current configuration in figure 1), by which there exists a coordinate transformation between frame (O , i, j, k) and a body coordinate system (O, e 1 , e 2 , e 3 ), fixed at the mass centre of the disc. The generalized coordinates of the system are selected as q = (y b , z b , y d , z d , θ) T .
Generally, the line contact between the disc and the ground forms a contact-stress distribution that complicates much of the modelling of the contact-impact dynamics. To simplify, we use three lumped points (A, B and C) with equal intervals to represent the interplay between the disc and the horizontal surface. In impact dynamics, the potential energies residing on the three lumped points are then used to approximately reflect the evolution of the simultaneous spatial stresses on the line-contact interface. This treatment is not rigorous, but the three-point model may of a straightforward way of dealing with the line contact confined in the thin disc.
Under the simplification, the disc-ball system consists of four potential contact sets i = {i, i }, i = A, B, C, D, where the element without a prime ( ) refers to the point on the disc, whereas the other element is related to the point on other contacting bodies. Let δ = (δ A , δ B , δ C , δ D ) T where symbols s and c are the abbreviations for sin θ and cos θ, respectively. The time rate of change of δ i in a matrix notation iṡ where b is the vertical distance of the impact point D to the symmetrical axis of the disc parallel to the horizontal plane. The relative velocities among potential contact points v r i can be decomposed into the components along their normal (n i ) and tangential (τ i ) directions, respectively,
where τ i is a unit vector for the slip direction at contact i,
For the planar disc-ball system, we can define τ A = τ B = τ C = j and τ D = e 2 . Thus, the relative tangential velocities in a matrix notation are expressed as
where
In terms of equations (2.2) and (2.6), the time rate of the relative normal and tangential velocities is expressed asδ 
To describe the interaction at a contact set i, we separate the action and reaction forces into the components along the normal and tangential directions,
The virtual works done by the contact forces are given by δw
and δw
where δr i and δr i are the virtual displacements corresponding to the pair of contact forces. Once all the rough contacts are represented by interaction forces, the system only suffers holonomic constraints admitting the following equalities: ∂r i /∂q j = ∂ṙ i /∂q j . Therefore,
The virtual work done by the pair of contact forces is then expressed as
Defining a Lagrangian function L = T − U and using Euler-Lagrange equations, the dynamics of the system is governed by 14) where
To obtain solutions for equation (2.14), we must determine the contact forces F n and F τ . Basically, they can be calculated by either introducing constraint equations, or inserting compliance models, for the contacts involved in the system.
(b) Determination of contact forces
Notice that equations (2.8) and (2.9) are the kinematical relationships that must be satisfied by contacts. We can combine them with equation (2.14) to establish the equations that govern the local dynamics of the contacts,
Let us introduce geometrical constraints relating to the non-penetrating condition for considering the interplay on the contact interfaces. In this case, there exist complementarity relationships between the normal relative displacements and the contact forces,
For a closed contact set, one has a constraint equation δ i (t) = 0. Owing to the unilateral property of contacts, however, the constraint established at the level of displacement is insufficient to determine constraint forces. Therefore, we have to resort to a complementarity relationship built at the velocity level,
Explanations for (2.18) are as follows: ifδ i (t) > 0, equation (2.18) clearly indicates that the contact force is F n i (t) = 0, whileδ i (t) < 0, the non-penetrating condition is violated, thus impact occurs on the interface. Ifδ i (t) = 0, a weak interaction with F n i (t) ≥ 0 may be excited. However, the existence of a corner point (0, 0) in equation (2.18) means that the contact force is indeterminate, thus a high-order differential is required,
The combination of equations (2.17-2.19) gives an integrated way for distinguishing the normal contact force and the contact state at each contact set.
For the rough contacts, Coulomb friction law specifies that the tangential and normal components of the contact forces should satisfy the following relationship characterized by two coefficients: 20) where μ i > 0 and μ s i > μ i are the slip and stick friction coefficients at contact point i, respectively. If v τ i = 0, the force of friction F τ i opposes motion and has magnitude μ i F n i . In the case of v τ i = 0, however, the force of friction F τ i is unknown, thus a supplementary condition should be provided. Similar to the analysis for the normal interaction, the condition v τ i = 0, which is necessary for a stick-slip transition, means that a constraint exists in the tangential motion. Therefore, a relationship between the normal and tangential forces can be obtained by the differential form of the tangential velocity constrainṫ
If no singularities arise in the rigid-body model, friction forces F τ can always be expressed as functions relative of F n . By substituting these relationships into the local dynamics (2.15) and (2.16), and using the complementarity condition shown in (2.19) , the solutions of the contact forces F n and F τ are obtained.
It is worth noting that stick-slip transition at v τ i = 0 is limited by an upper bound μ s i . Therefore, a slip motion is transferred into a stick state at v τ i = 0 only if the ratio of F n i and F τ i , which is obtained by settingv
Similarly, a transition from a stick state to a slip state occurs only if
In the latter case, the subsequent slip direction is assumed to be consistent with the one of the maximum static friction force obtained from the conditioṅ v τ i = 0 [5, 25] . Another way of determining contact forces is the method of inserting compliance into the contact interfaces. For non-adhesion material, the compliance model is usually represented by a constitutive equation of the following form: (c) Impact dynamics in the disc-ball system
To solve the impacts in the disc-ball system, we extend the theory in Liu et al. [19] to the case of impacts with friction. Under the assumptions of shock dynamics, together with the definitions for the infinitesimal impulses in the normal, dP n = F n dt, and in the tangential dP τ = F τ dt, equation (2.14) is then rewritten as
The variation of the elastic potential energy dE i induced by the work dw n i done by the elastic force F n i through a small elastic deformation dδ i is expressed as dE i = dw n i = −F n i · dδ i , and can be rewritten as dE i = −δ i dP n i . Notice that P n i is always positive and increases monotonically if contact is retained. The negative work done by the normal contact force in a compressional phase of normal motion (δ i < 0) means that the potential energy increases gradually. While in an expansion phase (δ i > 0), the positive work results in a decrease of the potential energy. Supposing that E i (0) = 0 at P n i = 0, the potential energy E i at the instant of P n i is expressed as
Let the constitutive equation of the compliance be a power form,
where k i is the contact stiffness at contact point i, and the minus sign means that (−δ i ) > 0 when contact holds at point i. The time rate of F n i is expressed as
Thus, we have a relationship between the normal contact force F n i and the potential energy E i ,
Owing to F n i = dP n i / dt, the ratio between the normal contact forces at points i and j is given by 28) which is the distributing rule and depends only on the stiffness ratio and potential energies ratio. Let us select a contact point j, where E j = max{E i , i = A, B, C, D}, and define dP n j as a primary differential normal impulse. The normal impulses at other points can be connected with dP n j by the spatial distribution of the potential energy expressed in (2.28). The reason for selecting the point with maximum potential energy as the primary impulse dP n j is not compulsory, but can improve numerical simulations.
To reflect friction effects in the impact process, we should connect the tangential impulse dP τ i with the primary impulse dP n j . Similar to contact dynamics, the relationship between normal and tangential forces in Coulomb's friction law is equivalent to the one between the infinitesimal normal and tangential impulses in impact dynamics. By considering that the normal differential impulse has been linked with the primary impulse dP n j , the governing equation (2.23) in the impact process becomes where
T are the ratio matrices of the normal and tangential impulses relative to the primary impulse dP n j . The initial values for R n (0) and R τ (0) must be provided before a simulation is launched. Leṫ δ i (0) be the normal relative velocities at the beginning of impacts, and j be the closed contact set with a maximum magnitude of its normal velocity among all the closed contact sets,
By multiplying dP n i together withδ i (0) to express the possible accumulated potential energy, E i (0) = −δ i (0) dP n i , we base (2.28) to get
As the 'time-like' independent variable is assigned with an initial value dP n j (0), the initial values of R n (0) and R τ (0) are uniquely determined according to the above expression. Then, ratio matrices R n and R τ are updated dynamically based on the evolution of the potential energies.
To correctly obtain the spatial distribution of the simultaneous potential energies among different points, the model must reflect the energy dissipation induced by either the local plastic deformation or small vibrations, or the multiple compression-expansion phases at the same contact point [19] . Supposing that the energy dissipation is counted in expansion phases, and defining η i as the transition efficiency between potential energy dE i and the work dw i done by the normal contact force, we obtain
where e i is a macroscopic parameter to encapsulate the loss of energy induced by various factors confined in a single compression-expansion cycle. Let an impact start with initial potential energy E i (P n * j ), the integration of (2.31) leads to
We can prove that e i is equivalent to the definition of the energetic coefficient of restitution. Specify that P n,c j is the impulse time corresponding to the end of the compressional phase, i.e. δ i (P n,c j ) = 0. In terms of equation (2.32), the potential energy at the impulse time P n j in an expansion phase (δ i > 0) is given by
For an impact finishing in a single compression-expansion cycle with a final normal impulse
(2.34) Equation (2.34) indicates that the transition efficiency η i agrees with the definition of the energetic coefficient of restitution. For a fully elastic impact, in which e i = 1, the energy absorbed in the contact set can be completely released through expansion phases without dissipation. If 0 < e i < 1, part of the energy is dissipated owing to the impact process. For the specific case e i = 0, which corresponds to a fully plastic impact at the contact set, the limitation of E i (P n j ) ≥ 0 implies that all the energy absorbed in compressional phases will sharply disappear when the compressional phase is completed and the expansion phase vanishes. Then, the impact at that point finishes with a conglutinate state. 
(d) Finite-time singularity and the Painlevé paradox
Owing to gravity, a sequence of single impacts becomes a contact state after a finite time interval. This phenomenon is often termed as 'finite-time singularity'. To find a condition that could quantify the transition, let us consider the dynamics of the disc contacting on the fixed surface at point A, whose local dynamical equation is easily obtained by using equation (2.15) ,
Let T c be a time scale relating the period of the single impact with an initial normal velocityδ − A , and assume that the impact only slightly changes angle θ, but the effects of non-contact forces are accounted for in the impact model. At the end of the impact, the final normal velocityδ + A can be obtained by the integration of (2.35),
whereθ m is an average velocity during the time interval, and 
By considering that the value ofδ + A should be equal to zero in the case of closed contact, the transition from an impact to a contact state is related to a conditioṅ
The Painlevé paradox is a singularity from the incompatibility between Coulomb's friction law and a complete rigid-body model. To investigate the paradox involved in the slip motion of the disc, let us suppose that the disc slides on the ground with a contact at point A, and v τ A > 0. Together with the slide condition in Coulomb's friction, equation (2.35) can be further expressed asδ
From (2.19) and (2.38) l = r 2 + h 2 and tan ϕ = h/r. F n A is the solution of the linear complementarity problem:
Nevertheless, if A < 0, the Painlevé paradox appears in the system because either no reasonable solution or multiple solutions can be found for the normal contact force. Because the coefficient A is only affected by the configuration of the system and the value of μ A , we could directly deduce the condition for the occurrence of the Painlevé paradox by analysing the components of A. Taking into consideration that 
From (2.42), we can find an interesting connection between the minimum value of μ A and the geometric shape of the disc. The singularity is more easily triggered if the disc takes a shape with a ratio of r/h = 4 √ 3/3. In this case, the minimum value of the dynamic coefficient of friction is μ A | min = 2 √ 3/3. For general materials, it is still an unrealistic value, so we can claim that no Painlevé paradox occurs in the disc-ball system.
If both A and B are positive, equation (2.38) indicates thatδ A cannot stay zero, so that a detachment occurs. The occurrence of the detachment can be determined by the condition B > 0, which corresponds to the following inequality:
The result in equation (2.43) demonstrates that, as the disc approaches the ground, the critical angular velocity required by a detachment increases, and converges to infinity when θ ≈ 0. So, we can say that no detachment exists as the disc collapses under gravity.
Experimental apparatus, measurement methods and parameters in impact and friction (a) Experimental apparatus
Figure 2 depicts a schematic of the experimental apparatus, which consists of a pedestal, a pendulum-based steel ball and a steel disc. The disc, pendulum-based ball and pedestal are fabricated from the same stainless steel. An electromagnet device is used to trigger the motion of the ball. The pedestal is a steel plate with four adjustable bolts at its bottom to provide a horizontal plane. The pendulum-based ball is hung from two lines, which are tied on two posts, to make a V shape. The disc stationarily rests on the surface of the pedestal at the position with a line contact located in the plane of the motion of the pendulum-based ball. The impacted surface of the disc is spaced from the bottom of the pendulum by a radius of the ball apart, so that when not in motion, the ball is touching the symmetry axis of the impacted surface of the disc, but no forces occur between them. The pendulum lines are strung to the ball via a small metal tube welded on the top of the ball, and are stiff enough to balance the centripetal force experienced by the ball as it travels down along an arc. Initially, the striker ball is attracted to the electromagnet owing to the electromagnetic force. By switching off the circuit connecting to the electromagnet, the ball is released, and travels down the arc through a small distance, then strikes normally the stationary disc at the bottom of the arc. The position of the electromagnet is held by a track, which can be removed vertically to provide various heights, so that different impact velocities at different impact points between the ball and the disc can be achieved by changing the length of the pendulum lines.
When an impact between the ball and the disc occurs on a steel-steel surface, we found that high-frequency noise is triggered, which then significantly influences the friction property on the line contact. In order to eliminate these effects, a three-ply detective paper fabricated from phenolic material is glued on the impacted surface of the disc. The related material parameters are listed in table 1, in which the material property of phenolics is directly applied into the contact mechanics related to the impacted surface of the disc.
(b) Measurement methods
The velocities of the ball and the disc before and after collision were measured using two laserDoppler vibrometers (Polytec-OFV-3001-353). The instantaneous velocity of the moving point along the direction of the laser beam was captured by an analogue-to-digital card (PMD-1608FS) with a sample rate 50 kHz. In order to guarantee laser lines parallel to the horizontal surface, we set a mirror perpendicular to the horizontal pedestal surface, then adjusted the laser head to make the laser beam reflect back to its origin. By changing the length of the pendulum string and adjusting the height of the electromagnet, For a given experiment, we first remove the disc from the horizontal surface, then use laser 2 to measure the incident velocity of the ball by releasing it from a selected height. This procedure is repeated 10 times to achieve a stable value. Once the incident velocity of the ball and the impact position are assumed to be correctly determined, we put the disc on the horizontal surface at the correct site calibrated by laser sensors, and start the experiment using laser sensors to capture the velocities of the disc. Repeatability error is checked by carrying out five trials for each set of experiments.
The principle of the measurements is shown in figure 3 , in which two laser lines are parallel to the horizontal surface, and intersect the corresponding surfaces of the disc at two measured points p 1 and p 2 over the ground with vertical heights h 1 and h 2 , respectively. Both points are at different locations on the disc surfaces from time to time, but the measured values of v p 1 (t) and v p 2 (t) from two laser sensors follow the relationship
Then, the angular velocityθ p (t) of the disc at the instant t can be calculated usingθ
The initial configuration of the disc θ(t 0 ) = π/2 allows the measured value for the angle to be expressed as
To compare the numerical simulation and experimental data, we use the following expressions to provide the numerical results for the horizontal velocities at the two measured points:
(c) Coefficient of restitution
The coefficient of restitution is crucial for numerical simulations. Nevertheless, its value cannot be thought of as constant when friction is involved in impacts, or multiple impacts are presented.
To elude the influence of the line contact on the impact, we set b = 0 to trigger a normal collision between the disc and the ball. In this case, the energetic coefficient of restitution agrees with Newton's kinematic coefficient of restitution, which can be experimentally determined by Owing to the change of the material property (from elasticity to plasticity), lots of studies demonstrated that the coefficient of restitution, even in a normal collision, is affected by the impact velocity [5, 15] . For the experiments in this paper, however, the impact velocity is very low and confined to a limited scope, such that its value can be assumed to be a material-dependent parameter localized in the impact region. Under the assumption, the coefficients of restitution for all the points in the line contact take the same value obtained from the experiment (case 1) of letting the ball normally collide against the disc centre on a steel-steel surface. The coefficient of restitution for point D is identified by a similar normal impact experiment that occurs on a papersteel surface. For the two kinds of normal impacts occurring at different impacted surfaces, we carry out 15 trials for each set of experiments, and find good repeatability.
(d) Coefficient of friction
Despite that friction parameters mainly depend on the material properties of the contacting bodies, their values often change with a dynamics process. To compare numerical results with experiments as precisely as possible, we identify the values of friction coefficients using the experimental data related to case 2, in which the post-impact motion of the disc reveals typical frictional behaviours, including a continuous slip, stick-to-slip transition, and vice versa.
In terms of the measured values v p
(t) and v p 2 (t) in case 2, we obtain the time histories of v τ ,p
A (t) (figure 4a) andθ p (whose picture is omitted), then respectively perform differential and integral operations to obtainv τ ,p A and θ p . Under the condition that the disc is in contact with the plate after impact, we set equation (2.15) equal to zero for the normal motion of the contact point, and combine it with equation (2.16) (the tangential motions of the contact point), to get the equations whose unknown quantities only include the normal and tangential forces F n A (t) and F τ A (t). Together with the values obtained from experimental data, we can calculate F n A (t) and F τ A (t), then obtain the ratio, μ = F τ A /F n A (figure 4b). Observations from figure 4a,b clearly demonstrate that the ratio, μ = F τ A /F n A , approaches a constant in the slip motion of the contact point, while its value varies dramatically in the stick state, and arrives at a maximum once slip resumes. We assign the value in the slip state to the slip coefficient of friction, and the maximum in the stick state to the stick coefficient of friction.
By fixing these values in other cases, except cases 5 and 6, we will show that good agreement between numerical and experimental results are obtained. The exceptions of the friction coefficients in cases 5 and 6 are due to the variation of the contact surfaces. The two experiments were supplemented for verifying certain special phenomena, which were found in a comprehensive numerical investigation that was carried out at a time when most of the experimental work had been finished for a long time.
The suppression of the impact-agitated high-frequency noise makes a stable property for the friction between the disc and the rough ground. Nevertheless, the identified value of the stick coefficient seems to be smaller than the ones given in material manuals. We explain this anomalous phenomenon as follows: the motion of the disc in our experiments is localized at a very small contact area, which is very different to the conventional scenario of friction experiments, in which a flat face is usually involved. By considering that slip motion essentially originates from the failure of the material on a bulk of asperities, the narrow contact region around a geometrical point may not allow a large difference between slip and stick coefficients. This may be the reason why, in our experiments, the stick coefficient exceeds the slip one by only a small value. Paper addition at point D smoothes the interface with low friction. We estimate μ D and μ s D with the half value of the respective ones of the slip and stick coefficients of friction measured for the line contact. (e) Compliance model at contact points Impact dynamics requires a constitutive model for each contact point, even though local small deformation is successfully eluded by using a differential normal impulse as a substitution for time. To simplify, we assume that the normal contact forces at all the points approximately satisfy the relationship of a Hertzian model [33] ,
where k i is the contact stiffness. For the contact at point D, similar to a sphere contacting with a flat face, the contact stiffness is easily given by
p )/E p is the equivalent elastic modulus. We approximately think of the point contact in the line as a planar stress problem, similar to a slice with radius r contacting an elastic half-infinite space. So the contact stiffness for these points is expressed as Table 3 presents model parameters identified from experiments or calculated using material properties. In this section, we use these model parameters to perform numerical investigations for all cases tested in the experiments, then present comparisons between numerical and experimental results to illustrate the complex behaviour of the disc generated by impacts.
Numerical and experimental investigations

(a) Comparisons for the results in impact dynamics
With the material and model parameters shown in tables 1 and 3, we choose the explicit Euler differential method to solve the differential impulsive equations. The primary normal impulse P n j is assigned to the point with the maximum potential energy among various points, and the time step is P n j = mv b /N, N = 10 4 . The impact at a single point finishes when no potential energy resides on the point, and the whole scenario of the impacts ends if the potential energies at all contact points are completely released.
In experiments, the laser sensors with a sample rate of 50 kHz provide a small time interval for the impacts. In order to compare the numerical and experimental results, we define a characteristic time scale T c to estimate the time interval experienced by the multiple impacts. Based on numerical investigations, the single impact at point D dominates the dynamics. We suppose that the value of T c is characterized by the time interval experienced by a single normal impact between the disc and the ball. Under this assumption, the value of T c can be expressed as [33] T c = 2.87 m * 2 (b) Post-impact patterns of the contact states Impact dynamics provide post-impact states to initialize the subsequent motion of the disc. Owing to the geometrical limitation from the ground, the points in the line contact after impact may either hold in sticking or slipping on the ground, or be airborne, thus enriching the dynamic behaviour of the disc. To characterize the impact-generated patterns of the disc, we define figure 5b indicates that there is a narrow region in which the disc can hold a stick state on the ground (see the inset in figure 5b ). Meanwhile, we also find that the sign ofb features the rotation direction of the disc after impact: ifb > 0, the post-impact rotation of the disc takes a counter-clockwise direction, and the direction is reversed whenb < 0.
To characterize the post-impact patterns of the contact states of the disc, we specify six modes, as shown in table 5, in association with the corresponding intervals ofb, whose boundaries are related to the results obtained from v b = 0.275 m s −1 . The symbols in table 5 are defined as follows: NC, the point separates from the ground; SP, the point takes a state in contact with a positive slip motion; SN, the point remains as a negative slip motion; ST, the point sticks to the ground. The last column in table 5 lists the case numbers of the experiments relevant to a specific mode.
(c) Subsequent motion of the disc
Once the initial impact is solved, no complexity generally is involved in such a simple object. Nevertheless, investigations for the subsequent motion of the disc present an intuitive way to verify the results obtained from impact dynamics. For the cases tested as shown in Table 5 . Impact-generated patterns for motion of the disc after impact. NC, the point separates from the ground; SP, the point takes a state in contact with a positive slip motion; SN, the point remains as a negative slip motion; ST, the point sticks to the ground. the initial conditions for the subsequent motion of the disc. The comparisons between numerical and experimental results are directly based on the horizontal velocities at the measured position p 1 . We select the best one as the experimental curves plotted in figures 6-8. Because the point p 1 is slightly apart from the ground, the measured velocity is very close to the tangential velocity of the contact point, such that the contact states between the disc and the ground are well reflected by the experimental curves. The stick-slip behaviour is distinguished by directly inspecting the values in the curves, while the detachment of the disc is recognized by the occurrence of steps in the curves, which result from a sequence of single impacts. Figure 6a presents the horizontal velocities at point p 1 in cases 2, 3 and 4. In these cases, the subsequent motions are initialized by mode IV, where the disc is in contact with the ground after the ball collides against the disc. Therefore, the disc starts a continuous slip motion until the tangential velocity vanishes, then sticks for a while, after that a slip motion resumes in a reverse direction to its first slip phase. The resumed slip motion will be immediately transferred into a positive slip once the tangential velocity disappears again. Figure 6b shows the horizontal velocities at point p 1 in case 5, in which the subsequent motion starts with mode V, where point A is initialized by the ball impact with a stick state. In this case, the disc firstly rotates around point A, then a transition from stick to slip is triggered owing to the increase of the inertial force that changes the frictional behaviour at contact point A. After that, the motion of the disc takes similar frictional behaviour to cases 2, 3 and 4. In figure 7a , numerical simulation and experimental data show that the post-impact state of the disc in case 6 is in mode VI, where a negative slip motion is initiated by the initial impact of the ball. In this case, the subsequent motion consists of four phases, including a negative slip motion, a stick motion after a stick-slip transition, a negative slip motion and a positive slip motion. Figure 7b demonstrates that case 7 brings the disc into mode III, where the disc detaches from the ground after the initial impact. Thus, a sequence of single impacts appears in its subsequent motion. These discrete impact events result in discontinuous curves characterized by a sequence of steps in its first process. The intensity of the single impact decreases owing to the energy dissipation, and the jump motion of the disc is stabilized by a stick contact state. Then, a similar contact behaviour as shown in other cases appears. Figure 8a ,b confirm that cases 8 and 9 are involved in mode I, when the impact position is below the centre of the disc. In this impact-generated mode, the disc cannot hold a contact on the ground after the impact from the ball. Therefore, the first phase for the subsequent motion is free, and the disc will return back to collide against the ground at point C. Despite the main characteristics being the same in the two cases, slight differences in the evolutions of their subsequent dynamics can be observed. In case 8, the sequence of single impacts at point C is transferred into a sequence of impacts at point A, followed by a slip motion. In case 9, the sequence of single impacts at point C is firstly transferred into a slip motion, then followed by a line impact (θ = π/2) to trigger a slip motion at point A.
For all the cases tested, a surface impact is triggered at the final stage of the disc motion, and excites a high-frequency vibration. Regardless of the surface impact, the theoretical model can precisely reproduce all the complex phenomena, consisting of a sequence of frictional impacts, transitions among stick-slip motions and the impact-contact switches, as well as a line impact. Interestingly, even though the initial states are very different to each other, the subsequent motion of the disc seems to be stabilized by a stick state, then converges to a similar dynamical behaviour.
Summary and conclusions
The main conclusions and developments of this paper are summarized as follows.
-We deal with a contact-impact problem in a uniform framework that encapsulates different structures of the mathematical model, including contacts, impacts, stick-slip in friction and transitions among different states of the variable-structure dynamics. -We present our previous theory of multiple impacts in a more concise way, and extend it to the cases with friction. A concept of efficiency of energy transition is proposed to reflect the dissipation of energy that, in a single full compression-expansion cycle, agrees with the definition of the energetic coefficient of restitution. -The transitions among different structures in the mathematical model are quantified by legible conditions without ambiguities. -We discuss the problem of the Painlevé paradox in the disc-ball system and present some theoretical results.
To verify our theoretical results, an experimental setup associated with the disc-ball system was built, a measurement technique using two laser vibrometers to perform experimental observations was developed, and the model parameters crucial to simulations were correctly identified. Without any artificial parameters obtained from an arbitrary fitting process, we obtained excellent agreement between the numerical and experimental results for the whole scenario of the dynamics, including the initial impacts and the subsequent motion of the disc. Our results not only justify the proposed theory, but also demonstrate that such a simple system exhibits rich patterns generated by impacts with friction. These phenomena suggest that the energy residing on interfaces, which is of a small magnitude and evolves rapidly, manifests a prominent role for the gross motion of systems. This point may have implications in understanding the complex behaviour of systems subject to dry friction.
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